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(57) ABSTRACT 

A heat dissipation structure with aligned carbon nanotube 
arrays formed on both sides. The carbon nanotube arrays in 
between a heat source and a cooler are used as thermal 

interface material extending and dissipating heat directly 
from a heat source surface to a cooler surface. In some 

embodiments, an adhesive material can be used to dispense 
around carbon nanotube arrays and assemble the heat dis 
sipation structure in between a heat source and a cooler. In 
some other embodiments, carbon nanotube arrays are 
formed on at least one of a heat source surface and a cooler 
surface and connect them together by further growing. The 
carbon nanotube arrays can be exposed to the environment 
instead of being in between a heat source and a solid cooler, 
and can serve as ?ns to enlarge heat dissipation area and 
improve thermal convection. 
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HEAT DISSIPATION STRUCTURE WITH 
ALIGNED CARBON NANOTUBE ARRAYS AND 
METHODS FOR MANUFACTURING AND USE 

CROSS-REFERENCE TO OTHER APPLICATION 

[0001] The present application claims priority under 35 
U.S.C. §119(e) of US. Patent Application No. 60/808,433, 
?led May 26, 2006, and entitled Heat Dissipation Structure 
With Carbon Nanotube Arrays and Method for Manufactur 
ing the Same. 

BACKGROUND OF THE INVENTIONS 

[0002] The present application generally relates to thermal 
management solutions, and more speci?cally to heat dissi 
pation structures using aligned carbon nanotube arrays, and 
to methods of fabricating such a heat dissipation structure 
and applying it to a package. 

[0003] With the development of microelectronic systems, 
for example, high brightness light emitting diode (HB-LED) 
for solid-state lighting, signi?cant challenges of thermal 
management have to be faced to meet the increasing require 
ments of smaller pro?le, higher performance and longer 
product life time. More heat generated by devices needs to 
be effectively dissipated from a smaller area. Several kinds 
of heat sink are developed to expect to dissipate more heat 
from device to the environment. HoWever it is very impor 
tant to ?rst conduct heat from device to heat sink by thermal 
interface materials. Unfortunately, conventional thermal 
interface materials, such as thermal grease thermal adhe 
sives, phase change materials, etc., cannot meet the increas 
ing requirement of the heat dissipation from a small area. 
Carbon nanotube (CNT) is an attractive candidate to 
improve the thermal performance of thermal interface mate 
rials because of their ultrahigh thermal conductivity up to 
3000 W/m-K for multi-Walled carbon nanotube (MWNT). 
Further information regarding CNT properties may be found 
in the Journal of the American Physical Society, Physical 
Review Letters, Vol. 87, page 215502 (2001), herein incor 
porated by reference. HoWever thermal interface materials 
With randomly directed carbon nanotubes dispersed in epoxy 
resins or other matrix materials does not perform Well 
because of the highly anisotropic nature of the thermal 
conduction by carbon nanotubes. Aligned carbon nanotube 
arrays directly extending from a ?rst surface, for example a 
heat source surface, to a second surface, for example a 
cooler surface, is expected. 

[0004] US. Pat. No. 6,965,513 and US. Pat. No. 6,924, 
335, incorporated by reference herein for all purposes, 
disclose thermal interface materials With carbon nanotube 
bundles embedded in matrix materials. HoWever, the 
phonon heat transfer modes in matrix materials and carbon 
nanotubes are not compatible, Which signi?cantly limits the 
advantage of heat conduction by carbon nanotube. In addi 
tion, solidi?ed matrix material is less ?exible to ?ll in the 
uneven surfaces of heat source and heat sink. As a result, the 
thermal conductivity of thermal interface material With 
aligned carbon nanotube arrays in matrix is only 1.21 
W/mK and the contact thermal resistance is more than 50 
mm2~K/W. Additional information regarding the thermal 
conductivity of thermal interface materials are detailed in 
Advanced Materials, Vol. 17, page 1652 (2005) incorporated 
by reference herein. 
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[0005] US. Pat. No. 6,856,01 and US. Patent Application 
Publication US 2004/0150100, both incorporated by refer 
ence herein for all purposes, disclose a thermal interface 
layer With carbon nanotubes groWn on the surface of semi 
conductor die. HoWever, the processes are not compatible 
for carbon nanotubes synthesis and device fabrication. If 
carbon nanotubes are groWn before device fabrication, the 
decreased Wafer cleanliness and ability to protect carbon 
nanotubes Will make it di?icult to conduct device fabrication 
using normal processes and equipments. Alternatively, if a 
device is fabricated before carbon nanotubes groWth, the 
high temperature required by groWing carbon nanotubes Will 
damage the device or increasing the device cost by changing 
the processes and materials. 

[0006] As for the connecting methods, US. Patent Appli 
cation Publication U.S. 2004/0261987, incorporated by ref 
erence herein for all purposes, use an adhesion promoting 
layer to connect heat source and the array of carbon nano 
tubes. HoWever, it is very dif?cult to form a very thin layer 
so that the tips of carbon nanotubes can still make contact 
With the heat source surface. As a result, there is actually 
another added layer With additional thermal resistance, 
Which reduces the thermal performance of the thermal 
management solution. In US. Pat. No. 6,891,724, incorpo 
rated by reference herein for all purposes, carbon nanotubes 
groWn from the opposed surfaces intermesh as the surfaces 
are mated. HoWever, it is dif?cult for carbon nanotubes from 
any surface to extend directly to the other surface. 

SUMMARY OF THE INVENTIONS 

[0007] The present inventions provide a neW Way to use 
high thermal conductivity carbon nanotube (CNT) arrays. To 
avoid the process incompatibility of carbon nanotube groWth 
and device fabrication the aligned CNT arrays are formed on 
heat dissipation structure surfaces instead of a heat source 
surface. To simplify the fabrication process and decrease the 
cost, aligned CNT arrays are groWn on both sides of heat 
dissipation structure surfaces at one time. The heat dissipa 
tion structure With CNT arrays are used to directly dissipate 
heat from a heat source to a cooler. The CNT arrays in 
betWeen a heat source and a cooler are used as thermal 

interface material extending and dissipate heat directly from 
a heat source surface to a cooler surface. The CNT arrays 
exposed to the environment instead of being in betWeen a 
heat source and a solid cooler serve as ?ns to enlarge heat 
dissipation area and improve thermal convection. 

[0008] In various embodiments, the disclosed inventions 
provide several of the folloWing advantages: 

[0009] loWer cost and more scalable manufacturing 

[0010] fast and simple process using ef?cient CNT syn 
thesis and assembly method 

[0011] better heat sinking 

[0012] better convective cooling 

[0013] Other advantages and detailed novel features of the 
inventions Will be explained With the descriptions of the 
example draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0014] The embodiments of the inventions are illustrated 
by examples shoWn in the folloWing ?gures but not limited 
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in these ?gures. These drawings are not necessarily drawn to 
scale. The inventions will be described and explained with 
additional speci?city and detail through the use of the 
accompanying drawings in which: 

[0015] FIG. 1 is a heat dissipation structure with carbon 
nanotube arrays on both sides, showing the surfaces of the 
heat dissipation structure are fully covered with grown 
carbon nanotube arrays without any pattern; 

[0016] FIG. 2 is a heat dissipation structure with carbon 
nanotube arrays on both sides, showing an example of 
carbon nanotubes with pattern on one side; 

[0017] FIG. 3 is a schematic cross sectional side view of 
an electronic package including a heat dissipation structure 
with carbon nanotube arrays on both sides in accordance 
with an embodiment of the present invention; 

[0018] FIG. 4 is a heat dissipation structure with carbon 
nanotube arrays on both sides having modi?cation layers in 
between the carbon nanotube arrays and the heat dissipation 
structure surfaces; 

[0019] FIG. 5 is a detailed view of a heat dissipation 
structure showing some connecting methods with adhesive 
materials formed around the outside edges of the gap 
between the coupling heat source surface and cooler surface 
with carbon nanotube arrays in between; 

[0020] FIG. 6 is a detailed view of a heat dissipation 
system with carbon nanotube arrays directly grown on a heat 
source surface and a cooler surface and directly connected 
together by further growth; 

[0021] FIG. 7 shows some applications of the heat dissi 
pation structure with some carbon nanotube arrays exposed 
to the environment; 

[0022] FIG. 8 is a general ?owchart for manufacturing a 
heat dissipation structure in accordance with the present 
invention; 
[0023] FIG. 9 is a ?owchart for manufacturing an embodi 
ment of a heat dissipation structure in accordance with the 
present invention with the least processes; 

[0024] FIG. 10 is a general ?owchart for manufacturing a 
heat dissipation system with carbon nanotube arrays directly 
grown on a heat source surface and a cooler surface and 
further growing to connect together; 

[0025] FIG. 11 is a chart showing the experimental results 
of thermal resistance of different TIM; 

[0026] FIG. 12 is a plan view of a device illustrating the 
relationship between the adhesive material and a heat source 
as well as a heat sink; 

[0027] FIG. 13 is a side view of the device of FIG. 12 
illustrating the relationship between a heat source, the CNT 
TIM, the adhesive material and a heat sink; 

[0028] FIG. 14 illustrates the heat conduction and heat 
convection ?ow paths of a CNT structure; and 

[0029] FIG. 15 illustrates a schematic of a thermal Chemi 
cal Vapor Deposition (CVD) system for CNT synthesis. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0030] The present application discloses embodiments of 
a heat dissipation structure with aligned carbon nanotube 
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(CNT) arrays on both sides that serve as thermal interface 
material or heat dissipation ?ns for enlarging the thermal 
convection area and methods for manufacturing it. Details 
are set forth to provide a thorough understanding of the 
embodiments of the present inventions with the help of the 
drawings but not limited to. The features, structures, mate 
rials, and characteristics of the inventions can be combined 
in any suitable manner in one or more embodiments. 

[0031] In one embodiment, to simplify the fabrication 
process and decrease the cost, the aligned CNT arrays are 
grown on both sides of heat dissipation structure surfaces at 
one time. No catalyst is predeposited on heat dissipation 
structure surfaces or pretreated for growing. Sublimed cata 
lyst, such as Ferrocence, is used as raw material. In addition, 
carbon nanotubes are synthesiZed on heat dissipation struc 
ture surfaces without pattern or pretreatment. Therefore, no 
microelectronic fabrication is needed for manufacturing the 
inventive heat dissipation structure with carbon nanotube 
arrays. Thermal chemical vapor deposition is adopted to 
synthesiZe carbon nanotube arrays because it is much 
cheaper than plasma enhanced chemical vapor deposition. A 
heat dissipation structure with CNT arrays can be simply 
connected to the heat source surface and cooler surface by 
mechanical attachment with contact pressure. 

[0032] In some embodiments for high performance appli 
cation with special requirements, modi?cation layers and 
catalyst predeposition may be needed to modify the thermal 
and other properties of heat dissipation structure with CNT 
arrays. 

[0033] In some embodiments, an adhesive material can be 
formed around the outside edges of the gap between heat 
source and a cooler with CNT arrays in between. This 
connecting method avoids adding an additional thermal 
resistance to the heat dissipation structure. 

[0034] In some embodiments, CNT arrays are directly 
formed on at least one of the heat source surface and cooler 
surface and then connected together by further growth. The 
strong or good bonding formed by direct growth of the CNT 
arrays on both coupling surfaces is bene?cial to reduce the 
thermal contact resistance. 

[0035] In some other embodiments, some CNT arrays are 
exposed to the environment to which the heat will dissipate 
instead of being in between a heat source and a solid cooler. 
In this case, carbon nanotube arrays serve as ?ns of heat 
dissipation structure to signi?cantly enlarge the heat dissi 
pation area and dissipate heat more effectively to the envi 
ronment by thermal convection. 

[0036] The measured thermal contact resistance of CNT 
thermal interface material (TIM) synthesiZed by thermal 
chemical vapor deposition (CVD) is only about 15 mmZW/ 
K, which is much less than that of commercial available 
TIM. Further information regarding TIMs is disclosed in the 
Proceedings oflhe 56Lh Electronics Components and Tech 
nology Conference, pp. 177-182, herein incorporated by 
reference. The measured thermal contact resistance of heat 
spreader with CNT arrays on both sides synthesiZed by 
thermal CVD is only about 51 mm2W/K, which is only 30% 
of that of conventional heat spreader with TIM. Further 
experimental results show that CNTs synthesiZed by Plasma 
Enhanced Chemical Vapor Deposition (PECVD) has better 
thermal performance. 
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[0037] References throughout this speci?cation to “heat 
source” mean a structure that generates heat When operating 
or only a body With higher temperature, for example, a die 
or a device or a module or combination of several dies, 

devices or modules, or even a heat spreader dissipating heat 
to a heat sink. References throughout this speci?cation to 
“cooler” mean a structure that serves to absorb heat and may 

further help dissipate the heat to other media, for example, 
a heat spreader absorbing heat from a heat source, a heat 
sink, or even an air environment or a ?uid, etc. References 
throughout this speci?cation to “coupling surface” mean the 
surface used to connect to other structures or materials. 

[0038] FIG. 1 shoWs an embodiment of inventive heat 
dissipation structure With CNT arrays 2 and 4 groWn on heat 
dissipation structure surfaces 8 and 9. In the present inven 
tion, heat dissipation structure 3 can be made of any suitable 
high thermal conductivity materials, such as silicon, silicon 
oxide, silicon With silicon oxide layer, glass, some metals 
such as aluminum, copper, some metal alloys, such as 
aluminum alloy, copper alloy, or these metals or metal alloys 
With their oxide layers, or oxide of these metals or metal 
alloys, or any material containing at least one of the above 
materials. CNT arrays 2 and 4 can be groWn on heat 
dissipation structure surfaces by thermal chemical vapor 
deposition, plasma enhanced chemical vapor deposition, 
arc-discharge, or laser ablation method. 

[0039] FIG. 2 shoWs an embodiment With a smaller area of 
CNT arrays 2 on heat dissipation structure surface 8 than the 
area of CNT arrays 4 on heat dissipation structure surface 9 
in some speci?c applications. For example, the area of CNT 
arrays 2 is the same as the area of heat source surface 6 and 
the area of CNT arrays 4 is the same as the area of the cooler 
surface 7. In other embodiment, the area of CNT array 2 and 
4 can be larger or smaller than the area of heat source surface 
6 and the area of cooler surface 7. Heat dissipation structure 
surfaces 8 and/or 9 can also be patterned to other desired 
features to make carbon nanotube arrays groW to the desired 
pattern in different applications. 

[0040] In FIG. 3, an application of an embodiment of the 
inventions in an electronic package With the inventive heat 
dissipation structure is shoWn schematically. A heat source 
1 is connected to a cooler 5 through a heat dissipation 
structure 3 With carbon nanotube arrays 2 and 4 groWn on 
both sides. In this embodiment, high density carbon nano 
tubes (CNTs) are groWn on heat dissipation structure sur 
faces 8 and 9 Without pattern by chemical vapor deposition 
using a sublimed catalyst, such as Ferrocene. Other sub 
limed catalysts can comprise at least one of dicyclopenta 
dienyl iron (Ferrocene), dicyclopentadienyl cobalt (Cobal 
tocene), dicyclopentadienyl nickel (Nickelocene), iron 
titanium hydride, cobalt titanium hydride, nickel titanium 
hydride, or any materials containing at least one of these 
materials. 

[0041] A speci?c example of CNT array groWth and CNT 
array groWth conditions including temperature, pressure, 
source gases, and groWth time is provided later in this 
application. 
[0042] There is no need for a microelectronic fabrication 
process to prepare the substrate and catalyst and, as a result, 
the manufacturing method is easy and loW cost. High density 
CNT arrays are bene?t to heat conduction because there are 
more heat conduction paths. In addition, CNT arrays With 
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higher density can Withstand the contact pressure in normal 
electronic packaging process Without collapse. Therefore, 
aligned CNT arrays 2 are vertically extending from heat 
source surface 6 to heat dissipation structure surface 8 and 
CNT arrays 4 vertically extending from heat dissipation 
structure surface 9 to cooler surface 7, respectively. Under 
the contact pressure, some tips of CNT arrays 2 ?ll in the 
voids of uneven surface 6 and some even insert into the 
surface 6 of heat source 1. Similarly, some tips of CNT 
arrays 4 ?ll in the voids of uneven surface 7 and some even 
insert into the surface 7 of cooler 5. As a result, the inventive 
heat dissipation structure 3 With carbon nanotube arrays 2 
and 4 as thermal interface material forms a high thermal 
conductive path from a heat source 1 to a cooler 5. 

[0043] FIG. 4. shoWs an embodiment With a layer 10 
betWeen CNT arrays 2 and heat dissipation structure surface 
8 and layer 11 betWeen CNT arrays 4 and heat dissipation 
structure surface 9. 

[0044] In some embodiments, the layers 10 and 11 can be 
a catalyst layer and/or multiple catalyst layers deposited on 
at least one of heat dissipation structure surfaces 8 and 9 for 
groWing CNT arrays. Iron, nickel, cobalt, aluminum, silicon, 
copper, platinum, palladium, gold, silver, oxides of these 
materials, any combination of these materials and/or their 
oxides, or any materials containing at least one of these 
materials or their oxides can be the catalyst. 

[0045] In other embodiments, the layers 10 and 11 can be 
a modi?cation layer or multiple modi?cation layers formed 
on at least one of heat dissipation structure surfaces 8 and 9. 
They may be used to improve the bonding betWeen CNT 
arrays and heat dissipation structure surfaces, and therefore 
reduce the thermal contact resistance betWeen them. They 
may also be used to improve the distribution uniformity of 
CNT arrays on heat dissipation structure surfaces. Titanium, 
tungsten, silicon, aluminum, oxide of these materials, any 
combination of these materials, or any materials containing 
at least one of them can be used to form the modi?cation 
layers. 
[0046] The layers 10 and 11 can also be multiple layers 
consisting of a catalyst layer and a modi?cation layer. In 
some embodiments layers 10 and 11 may not be used at all 
or only one of them be used. 

[0047] FIG. 5 is a detail part of a heat dissipation structure 
shoWing some connecting methods With adhesive materials 
formed around the outside edges of the gap betWeen a heat 
source and a cooler Where there are CNT arrays groWn in 
betWeen. 

[0048] In FIGS. 5(a) and (b), the dimensions of the heat 
source 1 and the cooler 5 are the safe. The adhesive material 
12 formed around the outside edges of the gap may only 
cover the gap and connect the heat source 1, CNT arrays 13 
and the cooler 5, as shoWn in FIG. 5(a). It can also extend 
to a larger area, as shoWn in FIG. 5(b). The adhesive material 
can be an epoxy resin With or Without ?llers, thermal 
conductive polymers, a loW melting metal or alloy, a phase 
change material, adhesive materials, or any materials con 
taining any of these materials. 

[0049] In FIG. 5(0), the dimensions of the heat source 1 
and the cooler 5 are not the same. The adhesive material 12 
formed around the outside edges of the gap may shape like 
a ?llet or any other shapes to connect the heat source 1 and 



US 2008/0001284 Al 

the cooler 5 together with CNT arrays 13 extending from the 
heat source surface 6 to the cooler surface 7. The adhesive 
material 12 around the outside edges of the gap can help 
make CNT arrays have a good contact to the coupling 
surfaces as well as assembly the heat source and the cooler 
together. The adhesive material can be epoxy resins with or 
without ?llers, thermal conductive polymers, low melting 
metals or alloys, phase change materials, adhesive materials, 
or any materials containing any of these materials. 

[0050] FIG. 6 is a detailed view of one embodiment of an 
inventive heat dissipation system. In this embodiment, CNT 
arrays 13 are directly grown face-to-face on a heat source 
surface 6 and a cooler surface 7 and further grow to connect 
together. In another embodiment, CNT arrays 13 can start to 
grow on one of the two coupling surfaces 6 and 7 till bonded 
to the opposite surface. 

[0051] FIG. 7 shows embodiments with some CNT arrays 
exposed to environment. In this case, CNT arrays serve as 
?ns of heat dissipation structure to signi?cantly enlarge the 
heat dissipation area and dissipate heat more effectively to 
the environment by thermal convection. 

[0052] In FIG. 7(a), heat dissipation structure serves as a 
heat spreader. CNT arrays 15 that are not in between the heat 
source, the heat dissipation structure and the cooler serve as 
?ns to improve heat convection. 

[0053] In FIG. 7(b), heat dissipation structure serves as a 
heat sink. Part of CNT arrays on surface 8 of heat dissipation 
structure and all CNT arrays on surface 9 of heat dissipation 
structure function as ?ns to enlarge heat convection area. 

[0054] In FIG. 7(c), heat dissipation structure serves as a 
heat sink. Only part of CNT arrays on surface 8 of heat 
dissipation structure functions as ?ns to enlarge heat con 
vection area. There are no CNT arrays grown on surface 9 
of heat dissipation structure. 

[0055] CNT arrays can be formed with desired pattern. For 
example, in. FIG. 7(d). CNT arrays are formed with the 
center area the same as the heat resource and leaving a gap 
around the center CNT arrays to apply the adhesive material 
12. More CNT arrays can be further grown on the outer 
surface to serve as ?ns to improve heat convection. CNT 
arrays can also be grown to form CNT bundles instead of 
uniformly distributed CNTs. 

[0056] FIG. 8 shows a ?owchart for manufacturing the 
heat dissipation structure in accordance with the present 
invention. The method comprises the following steps: 

[0057] Step 801: providing a heat dissipation structure 3 
with the desired dimension. 

[0058] Step 802: forming catalyst layers and/or modi?ca 
tion layers 10 and 11 on at least one of heat dissipation 
structure surfaces 8 and 9; or no catalyst layer or modi 
?cation layers at all. 

[0059] Step 803: growing carbon nanotube arrays 2 and 4 
on both sides of heat dissipation structure surfaces 8 and 
9. 

[0060] Step 804: forming adhesive material 12 around 
outside edges of CNT arrays; or no adhesive material at 
all. 
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[0061] Step 805: assembling the heat source 1, heat dis 
sipation structure 3 with CNT arrays 2 and 4 on both sides 
and the cooler 5 by mechanical contact pressure or by 
solidifying the adhesive material 12. 

[0062] FIG. 9 shows a ?owchart for manufacturing one 
embodiment of the heat dissipation structure in accordance 
with the present invention with the least processes. The 
method comprises the following steps: 

[0063] Step 901: providing a heat dissipation structure 3 
with the desired dimension. 

[0064] Step 902: growing carbon nanotube arrays 2 and 4 
on both sides of heat dissipation structure surfaces 8 and 
9 at one time with sublimed catalyst such as Ferrocene. 
No pretreatment of heat dissipation structure surfaces is 
needed. No pretreatment or deposition of catalyst is 
needed. 

[0065] Step 903: assembling the heat source 1, heat dis 
sipation structure 3 with carbon nanotube arrays 2 and 4 
on both sides and the cooler 5 by mechanical contact 
pressure. 

[0066] FIG. 10 shows a ?owchart for manufacturing one 
embodiment of the inventive heat dissipation structure with 
CNT arrays directly grown on a heat source surface and a 
cooler surface and further growing to connect together. The 
method comprises the following steps: 

[0067] Step 1001: providing a heat source 1 and a cooler 
5 with desired dimensions. 

[0068] Step 1002: putting the heat source 1 and the cooler 
5 together while leaving them separated by spacers 14. 

[0069] Step 1003: forming catalyst layers and/or modi? 
cation layers 10 and 11 on at least one of the heat source 
surface 6 and the cooler surface 7; or no catalyst layer or 
modi?cation layer at all. 

[0070] Step 1004 growing CNT arrays 13 on the heat 
source surface 6 and/or the cooler surface 7 and further 
growing to connect them together. 

[0071] FIG. 11 is the experimental results of thermal 
resistance of different thermal interface material (TIM). The 
thermal resistance includes the contact resistance of TIM 
and coupling surfaces as well as thermal resistance of TIM 
layer. The thermal resistance of CNT-TIM is much less than 
that of commercial TIM with silver particles in epoxy resin. 
It is also less than that of solder TIM with Titanium (Ti) and 
copper (Cu) as the supporting layers. CNT-TIM synthesiZed 
by Plasma Enhanced Chemical Vapor Deposition (PECVD) 
has less thermal resistance than CNT-TIN synthesiZed by 
thermal chemical vapor deposition (CVD). However, 
PECVD equipment is more expensive than thermal CVD 
furnace. 

[0072] FIG. 12 is a view of a is a plan view of a high 
brightness light emitting diode device package 20 that shows 
the structural relationship of the heat sink 5, adhesive 
material 12 and the device 1. 

[0073] FIG. 13 illustrates a side view of the high bright 
ness light emitting diode device package 20 that depicts the 
relationship of the CNT-TIM 2 to the adhesive material 12 
and the heat sink 5. 
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[0074] FIG. 14 illustrates a tWo-sided CNT array structure 
that shows the convective heat transfer How and conductive 
heat transfer ?oW through the structure of one embodiment 
of the invention. 

[0075] FIG. 15 is merely one embodiment of a CNT 
synthesis process in Which a CNT arrays has been synthe 
sized by thermal Chemical Vapor Deposition (CVD) using 
sublimed Ferrocene. 

[0076] In this embodiment, a one-stage CVD furnace 
system 40 Was employed to groW CNT arrays on Silicon (SI) 
based substrates 48. The diameter of the internal quartz 
reactor (not shoWn) is 1.5 inches. The How rate of gases Was 
controlled by mass controllers. A volume of Argon (Ar) 42 
equaling 200 standard cubic centimeters per minute (sccm) 
Was input as the carrier gas and 50 sccm of Ethylene 44 Was 
used as one part of the carbon source. 100-200 milligrams 
(mg) of Ferrocene 46 Was used as a catalyst and as another 
part of the carbon source. The Ferrocene 46 Was introduced 
into the quartz reactor of the system at a location having a 
temperature of 200 degrees Celsius. CNTs Were groWn at 
750 degrees Celsius (750° C.) for 10-20 minutes. Finally, the 
Whole system Was naturally cooled doWn to room tempera 
ture. During the CNT synthesis the pressure in the quartz 
tube Was kept at atmospheric pressure. 

[0077] In one embodiment, there is disclosed a packaged 
semiconductor structure, comprising a heat source, a heat 
sink, an aligned array of carbon nanotubes Which thermally 
connects said source to said sink; and a peripheral connect 
ing material Which runs along at least some edges of said 
aligned array, While mechanically contacting said source and 
said sink to provide a ?xed positional relationship there 
betWeen. 

[0078] In another embodiment there is disclosed a pack 
aged semiconductor structure, comprising an extended 
structure Which carries heat; and ?rst and second mutually 
separate aligned carbon nanotube arrays Which are thermally 
connected to opposite surfaces of said extended structure, 
Wherein said ?rst array terminates in a connection to another 
heat conducting structure, and said second array terminates 
in bare carbon nanotube ends. 

[0079] In some embodiments, a method of transferring 
heat from a microelectronic heat source, comprises conduct 
ing heat through an if array of aligned nanotube ?bers; 
separating a heat source and heat sink by placing a spacer in 
a positional relationship With the heat source and heat sink; 
and mechanically stabilizing a relative position of the heat 
source to the heat sink using an adhesive material. 

[0080] In some embodiments there is disclosed a method 
of operating an electronic system, comprising operating at 
least one electronic component, coupling heat from said 
electronic component into a thermal plane, the thermal plane 
having thermal interface material; laterally conducting heat 
along said plane; and conducting heat out of said plane 
through the thermal interface material, Wherein the thermal 
interface material are aligned carbon nanotube arrays. 

[0081] In other embodiments, a method for thermal con 
nection is disclosed. The method comprises separating a heat 
source and a heat sink by placing a spacer in a positional 
relationship With the heat source and heat sink; groWing a 
?rst aligned carbon nanotube array in a ?rst perpendicular 
direction from a heat source; groWing a second aligned 
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carbon nanotube array in a second perpendicular direction 
opposite to the ?rst perpendicular direction from a heat sink; 
coupling the ?rst and second carbon nanotube arrays by 
alloWing the groWth of the ?rst carbon nanotube array to 
connect With the groWth of the second nanotube array. 

[0082] In some embodiments, there is disclosed a method 
of fabricating an electronic system, comprising actions of a) 
forming a dry carbon nanotube (CNT) array on a heat 
spreader; b) thereafter positioning a packaged electronic 
device in a position Which is spaced from at least part of said 
dry CNT array; and c) groWing carbon nanotubes from both 
said CNT array and said packaged device, to thereby form 
a uni?ed CNT array Which provides a loW-resistance heat 
path from said device to said heat spreader. 

[0083] In another embodiment, there is disclosed a method 
of fabricating an electronic system, comprising actions of a) 
forming a dry CNT array on a heat spreader; b) thereafter 
positioning a packaged electronic device in a position Which 
is spaced from at least part of said dry CNT array by a 
spacer; and c) groWing carbon nanotubes from both said 
CNT array and said packaged device, to thereby, form a 
uni?ed CNT array Which provides a loW-resistance heat path 
from said device to said heat spreader. 

[0084] Another embodiment discloses a thermal manage 
ment structure, comprising a heat source, thermally linked to 
a heat spreader by an aligned nanotube array and a heat sink, 
also thermally linked to said heat spreader by another 
aligned nanotube array. 

[0085] In another embodiment, a method is disclosed for 
operating an electronic device, comprising actions of con 
ducting heat from a heat source to a heat spreader through 
an aligned nanotube array; and conducting heat from said 
heat spreader to a heat sink through another aligned nano 
tube array. 

[0086] In another embodiment, a cooling structure is dis 
closed comprising a heat source, Which is operatively 
coupled to drive heat ?oW through an aligned nanotube 
array; and a convective cooling area, Where at least some of 
said aligned nanotube array couples heat to a ?uid. 

[0087] Some other embodiments disclose a method for 
operating an electronic device, comprising actions of con 
ducting heat from a heat source to a heat spreader through 
an aligned nanotube array; and conducting heat from said 
heat spreader to a heat sink through another aligned nano 
tube array. 

[0088] The foregoing, detailed description and accompa 
nying draWings are only illustrative and not restrictive. It is 
to be understood that the general nature revealed in the 
invention may be suf?cient to those skilled in the art to 
devise With addition, deletion, modi?cation and adaptation 
in various applications as Well as alternative arrangements 
Without departing from the spirit of the disclosed embodi 
ments and the scope of the appended claims. 

Modi?cations and Variations 

[0089] As Will be recognized by those skilled in the art, the 
innovative concepts described in the present application can 
be modi?ed and varied over a tremendous range of appli 
cations and accordingly the scope of patented subject matter 
is not limited by any of the speci?c exemplary teachings 
given. 
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[0090] For example, it should be noted that a heat source 
may be a heat dissipation structure that generates heat When 
in operation or may be a structure having a high temperature. 
The heat dissipation structure could be a die, device, a 
module or a combination of several dies, devices, modules 
or even a heat spreader that dissipates heat to a heat sink. 

[0091] Similarly, a cooler may be a structure that absorbs 
heat and further may help to dissipate heat to other media 
including a heat spreader, a heat sink, or even ambient air or 
a ?uid. 

[0092] Note that the carbon nanotube array can be used 
not only to couple to a gas phase for convective or forced 
cooling, but also to a liquid phase. 

[0093] The carbon nanotube (CNT) arrays of the inven 
tions may be groWn or synthesiZed using processes such as 
thermal chemical vapor deposition, plasma enhanced chemi 
cal vapor deposition, arc discharging, or laser ablation. The 
carbon nanotubes (CNTs) are usually groWn in a perpen 
dicular alignment to the substrate. 

[0094] In some embodiments a high thermal conductivity 
substrate may, form particular patterns speci?c to certain 
applications and the CNT arrays may be groWn Within the 
particular pattern. The high thermal conductivity substrate 
comprises one of silicon, silicon oxide, silicon With silicon 
oxide layer, glass, some metals such as aluminum, copper, 
some metal alloys such as aluminum alloy, copper alloy, or 
these metals or metal alloys With their oxide layers, or oxide 
of these metals or metal alloys, or any materials containing 
at least one of the above materials. The CNT arrays may be 
groWn by using sublimed catalysts such as dicyclopentadi 
enyl iron (Ferrocene), dicyclopentadienyl cobalt (Cobal 
tocene), dicyclopentadienyl nickel (Nickelocene), iron tita 
nium hydride, cobalt titanium hydride, nickel titanium 
hydride, or similar compounds containing at least one of 
these sub stances. CNT arrays may be groWn from preformed 
catalyst dispersed on the high thermal conductivity substrate 
surfaces. Deformed catalyst types include iron, nickel, 
cobalt, aluminum, silicon, copper, platinum, palladium, 
gold, silver, oxides of these materials, and any combination 
or compound of these substances and/or their oxides. 

[0095] Some embodiments may, include a modi?cation 
layer formed on the high thermal conductivity substrate 
surface that is operational to modify the distribution and 
density of the CNT arrays and modify the bonding betWeen 
the CNT and the high thermal conductivity substrate sur 
faces. The modi?cation layer may at least one of titanium, 
tungsten, silicon, aluminum, oxides of these elements, or 
any compounds containing at least one of these elements. 

[0096] In some embodiments, the electronic system is 
comprised of CNT arrays disposed in a gap exposed betWeen 
a heat source and a cooler. Adhesive material may be placed 
around the outside edges of the exposed gap. The adhesive 
material may include epoxy resin With or Without ?llers, 
thermal conductive polymers, a loW melting metal or alloy, 
a phase change material, adhesive materials, or any sub 
stances containing any of these materials. 

[0097] In some embodiments, the CNT arrays increase the 
heat dissipation from the electronic structure by operating as 
heat ?ns. The CNT heat ?ns signi?cantly increase the heat 
dissipation area of the heat, dissipation structure resulting in 
increased heat dissipation to the environment by heat con 
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vection. The CNT arrays are positioned to effectively dis 
sipate the heat into the environment by thermal convection. 

[0098] CNT arrays may be groWn or synthesiZed into a 
speci?c pattern required for a particular application or may 
be adapted for a speci?c feature of an application. 

[0099] In some embodiments, aligned CNT arrays may be 
groWn to vertically extend from a heat source surface or a 
cooler surface and may be groWn until contact is made to the 
opposite surface. In other embodiments, aligned CNT arrays 
may be groWn to vertically extend from a heat source surface 
and a cooler surface and may be groWn until the opposite 
CNT arrays overlap. 

[0100] In one embodiment, the dimensions of the heat 
source and the cooler may be the same; the dimensions of 
the electronic structures may be device and application 
dependent. One example may be a l W LED package Where 
the heat source is l millimeter (mm) by 1 mm and the cooler 
or heat sink is 20 mm by 20 mm. In other applications, the 
heat source may be much larger than 1 mm by 1 mm and the 
heat sink Will be a corresponding dimension. 

[0101] None of the description the present application 
should be construed as implying that any particular element, 
step, or function is an essential element Which must be 
included in the claim scope THE SCOPE OF PATENTED 
SUBJECT MATTER IS DEFINED ONLY BY THE 
ALLOWED CLAIMS. Moreover, none of these claims are 
intended to invoke paragraph six of 35 U.S.C. section 112 
unless the exact Words “means for” are folloWed by a 
participle. 
[0102] The claims as ?led are intended to be as compre 
hensive as possible, and NO subject matter is intentionally 
relinquished, dedicated, or abandoned. 

What is claimed is: 
1. A packaged semiconductor structure, comprising: 

a heat source; 

a heat sink; 

an aligned array of carbon nanotubes Which thermally 
connects said source to said sink; and 

a peripheral connecting material Which runs along at least 
some edges of said aligned array, While mechanically 
contacting said source and said sink to provide a ?xed 
positional relationship there betWeen. 

2. The packaged semiconductor structure of claim 1, 
Wherein the heat sink is an electronic structure Which 
dissipates heat When operating. 

3. The packaged semiconductor structure of claim 1, 
Wherein the heat sink comprises a high thermal conductivity 
substrate; and a plurality of carbon nanotube arrays are 
groWn on both sides of the substrate. 

4. The packaged semiconductor structure of claim 1, 
Wherein said heat sink comprises a metal substrate. 

5. The packaged semiconductor structure of claim 1, 
Wherein said carbon nanotube arrays are synthesiZed by 
chemical vapor deposition. 

6. The packaged semiconductor structure of Claim 1, 
Wherein said heat sink carries said aligned carbon nanotube 
arrays in a patterned con?guration. 

7. The packaged semiconductor structure of Claim 1, 
Wherein said heat sink carries said aligned array of carbon 
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nanotubes in a patterned con?guration Which is determined 
by patterning of a preformed catalyst. 

8. The packaged semiconductor structure of Claim 1, 
Wherein said heat sink carries said aligned array of carbon 
nanotubes in a patterned con?guration Which is determined 
by patterning of a modi?cation layer When using a sublimed 
catalyst. 

9. The packaged semiconductor structure of Claim 1, 
Wherein said heat sink carries said aligned array of carbon 
nanotubes, some of Which are patterned to form ?ns for 
convective cooling. 

10. The packaged semiconductor structure of Claim 1, 
Wherein said heat source is an electronic structure Which 
generates heat When operating. 

11. A packaged semiconductor structure, comprising: 

an extended structure Which carries heat; and 

?rst and second mutually separate aligned carbon nano 
tube arrays Which are thermally connected to opposite 
surfaces of said extended structure; 

Wherein said ?rst array terminates in a connection to 
another heat-conducting structure, and said second 
array terminates in bare carbon nanotube ends. 

12. The packaged semiconductor structure of Claim 11, 
Wherein the extended structure is an electronic structure 
Which dissipates heat When operating. 

13. The packaged semiconductor structure of Claim 11, 
Wherein the extended structure comprises a high thermal 
conductivity substrate, and a plurality of carbon nanotube 
arrays are groWn on both sides of the substrate. 

14. The packaged semiconductor structure of Claim 11, 
Wherein the extended structure comprises a metal substrate. 
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15. The packaged semiconductor structure of Claim 11, 
Wherein said aligned carbon nanotube arrays are synthesiZed 
by chemical vapor deposition. 

16. The packaged semiconductor structure of Claim 11, 
Wherein said extended structure carries the aligned carbon 
nanotube arrays in a patterned con?guration. 

17. The packaged semiconductor structure of Claim 11, 
Wherein said extended structure carries the aligned carbon 
nanotube arrays in a patterned con?guration Which is deter 
mined by patterning of a preformed catalyst. 

18. The packaged semiconductor structure of Claim 11, 
Wherein said extended structure carries the aligned carbon 
nanotube arrays in a patterned con?guration Which is deter 
mined by patterning of a modi?cation layer When using a 
sublimed catalyst. 

19. The packaged semiconductor structure of Claim 11, 
Wherein said extended structure carries the aligned carbon 
nanotube arrays, some of Which are patterned to form ?ns 
for convective cooling. 

20. A method of transferring heat from a microelectronic 
heat source, comprising: 

conducting heat through an array of aligned nanotube 
?bers; 

separating a heat source and heat sink by placing a spacer 
in a positional relationship With the heat source and 
heat sink; and 

mechanically stabiliZing the position of the heat source 
relative to the heat sink, using an adhesive material. 

21-57. (canceled) 


